The endothelial glycocalyx is well endowed with the glycosaminoglycans (GAGs) heparan sulfate, chondroitin sulfate and hyaluronan. The current studies aimed to assess the relative contributions of each of these GAGs to the thickness and permeability of the glycocalyx layer by direct enzymatic removal of each using micropipettes to infuse heparinase, chondroitinase and hyaluronidase into post-capillary venules of the intestinal mesentery of the rat. The relative losses of GAGs due to enzymatic removal were compared with stimulated shedding of glycans induced by superfusing the mesentery with 10 −7 M fMLP. Thickness of the glycocalyx was assessed by infiltration of the glycocalyx with circulating FITC labeled 70 kDa dextran (Dx70) and measuring the distance from the dye front to the surface of the endothelium (EC), which averaged 463 nm under control conditions. Reductions in thickness were 43.3%, 34.1% and 26.1% following heparinase, chondroitinase and hyaluronidase, respectively, and 89.7% with a mixture of all three enzymes. suggesting that the glycocalyx is more compact near the EC surface. Chondroitinase and hyaluronidase significantly increased both D Dx70 and D 173 . However, heparinase decreased D Dx70 , and did not induce any significant change for the D 173 . These observations suggest that the three GAGs are not evenly distributed throughout the glycocalyx and that they each contribute to permeability of the glycocalyx to a differing extent. The fMLP-induced shedding caused a reduction in glycocalyx thickness (which may increase permeability) and as with heparinase, decreased the diffusion coefficient of solutes (which may decrease permeability). This behavior suggests that the removal of heparan sulfate may cause a collapse of the glycocalyx which counters decreases in thickness by compacting the layer to maintain a constant resistance to filtration.
Introduction
The luminal surface of endothelial cells is endowed with a carbohydrate-rich surface layer referred to as the endothelial glycocalyx. It has been shown to be an important barrier to transvascular exchange of water and solutes (Adamson, 1990; Henry and Duling, 1999) and sieving of plasma-borne macromolecules (Huxley and Williams, 2000; van Haaren et al., 2003; Vink and Duling, 2000) . The glycocalyx has been shown to be a physiologically significant binding site for antithrombin III, tissue factor pathway inhibitors, lipoprotein lipase, vascular endothelial growth factor, fibroblast growth factor, and extracellular superoxide dismutase (Reitsma et al., 2007) . The glycocalyx has also been shown to serve as a barrier to leukocyte-endothelium adhesion (Mulivor and Lipowsky, 2002) , shear stress sensor and regulator of mechanotransduction (Florian et al., 2003) .
Studies have explored the fine structure of the glycocalyx and its potential impact on permeability using techniques of electron microscopy (Squire et al., 2001 ; Van den Berg et al., 2003) , intravital microscopy (Henry and Duling, 1999; Vink and Duling, 2000) and mathematical modeling (Stace and Damiano, 2001; Sugihara-Seki et al., 2008; Weinbaum et al., 2003) . It has been suggested that the glycocalyx is a porous layer composed of a matrix of molecules that are arranged in a regular pattern (Squire et al., 2001) . The most prominent components of the glycocalyx are the glycosaminoglycans (GAGs) heparan sulfate (HS), chondroitin sulfate (CS) and hyaluronan (HA). Both HS and CS carry negatively charged sulfate groups and are covalently linked to transmembrane proteoglycans (PGs). The GAGcarrying ability of PGs and glycoproteins can be variable (Reitsma et al., 2007) and carry multiple chains of HS and CS. The ratio of HS to CS chains has been shown to be on the order of 4:1, respectively (Rapraeger, 1989) and their sulfation level may change depending on the physiological micro-environment (Rapraeger, 1989; Vogl-Willis and Edwards, 2004) . HA is the only GAG that has no sulfate groups and is not covalently linked to any proteins (Laurent and Fraser, 1992) .
Both HS and CS are synthesized inside the Golgi apparatus, whereas HA synthases (HASs) are plasma membrane associated such that newly synthesized HA strands are extruded outside the cell (Prehm, 1989) . There are several ways for HA to be integrated into the glycocalyx. The primary HA receptor in the glycocalyx is thought to be CD44 (Aruffo et al., 1990 ) along with HA binding protein (Toole, 1990) . HA chains can be self-assembled by steric interaction into random fibrous networks (Scott and Heatley, 1999) . Besides GAGcarrying proteoglycans, blood-borne soluble proteins are also important components of the glycocalyx, shown experimentally to be decreased by removing plasma proteins (Adamson and Clough, 1992; Huxley and Curry, 1991) . Under normal physiological conditions, the structure of the glycocalyx layer is fairly stable but its molecular contents represent a dynamic balance between biosynthesis of new glycans and shear dependent removal of existing constituents (Mulivor and Lipowsky, 2004) .
The endothelial glycocalyx has been shown to be shed in response to inflammation (Henry and Duling, 2000; Mulivor and Lipowsky, 2004) , hyperglycemia (Zuurbier et al., 2005) , endotoxemia and septic shock , presence of oxidized LDL (Constantinescu et al., 2001) , TNFα , atrial natriuretic peptide (Bruegger et al., 2005) , abnormal blood shear stress Haldenby et al., 1994) , ischemiareperfusion injury (Mulivor and Lipowsky, 2004) , and during by-pass surgery (Rehm et al., 2007; Svennevig et al., 2008) . These observations have lead to the hypothesis of an underlying connection between integrity of the glycocalyx and vascular homeostasis (Mulivor and Lipowsky, 2004; Zuurbier et al., 2005) . The exact cellular signaling cascades between these pathological conditions and shedding of the glycocalyx are not yet fully understood. However, evidence suggests that several key enzymes, such as the matrix metalloproteases, are directly responsible for shedding of the glycocalyx components (Mulivor and Lipowsky, 2009 ).
The present studies were undertaken to explore the relative contribution of each of these three principal GAGs to the apparent thickness of the glycocalyx and its permeability to small solutes in post-capillary venules of the rat intestinal mesentery. Thickness of the glycocalyx (δ) was assessed using established techniques of macromolecule exclusion (Vink and Duling, 1996) and permeability to small solutes (namely the fluorescent dye FITC) was determined by direct measurement of its diffusion through the EC surface layer and fitting the observed variations to a mathematical model based upon an apparent diffusion coefficient, D. Changes in δ and D were determined following enzymatic removal of selected GAGs by direct infusion of heparinase, chondroitinase and hyaluronidase in post-capillary venules using micropipettes.
Materials and methods

Animal preparation and intravital microscopy
Adequate measures were taken to minimize pain or discomfort, and all experiments were conducted in accordance with international standards on animal welfare and compliant with local and national regulations. Male Wistar rats, weighing 200-300 g, were anesthetized using Inactin (135 mg/kg, i.p.). A tracheostomy was performed to facilitate spontaneous respiration. The right internal jugular vein was cannulated with PE50 tubing for systemic administration of anesthetic. Arterial blood pressure was monitored by means of a cannula in the left carotid artery connected to a strain-gage pressure transducer and monitored to assess depth of anesthesia. Rectal temperature was monitored to control a heating pad using a closedloop automatic controller set to maintain core body temperature at 37°C. The terminal ileum was exteriorized through a mid-line abdominal incision and draped over a clear glass pedestal for viewing the mesentery by intravital microscopy. Surrounding tissues were covered with sterile cotton gauze and irrigated with warmed (37°C) Hepes-buffered (pH = 7.4) Ringer's solution. Post-capillary venules were selected for microscopic observation under bright field or fluorescent epi-illumination, using a Zeiss 40x/0.75NA water immersion objective. Video recordings of post-capillary venules were digitized with a PCO 1600 digital CCD camera (PCO Imaging, Germany) at a spatial resolution of 1600 × 1200 pixels with a depth of 14 bits for subsequent analysis. The effective magnification yielded a pixel spacing of 17.3 pixels/μm. Calibration studies under fluorescence illumination revealed that pixel intensity was linearly related to fluorophore concentration within a 5% RMS error.
Cannulation of post-capillary venules
Glass micropipettes (1 mm OD, WPI, Sarasota, FL) were pulled using a pipette puller (Model 700C, David Kopf Instruments, Tujunga, CA) and double-beveled to obtain a sharply angled 2-5 μm tip opening using a pipette beveler (BV-10, Sutter Instrument Co., Novato, CA). The tip region of each micropipette was filled by capillarity with heparinized (5 U/mL) normal saline and the remainder of the lumen back filled with specific solutions, depending upon the protocol. The micropipette was held in a pipette holder which was connected to a syringe using silicon tubing. The pipette holder and silicon tubing were filled with water and the back end connected to a pressurized reservoir to enable infusion. The pipette holder was mounted on a hydraulic micro-manipulator (MMH-1, Narishige, Japan). Depending on specific protocols, a proximal feeding branch of the venule under observation was cannulated for infusion, as depicted in the schematic of the experimental protocol shown in Fig. 1 . The syringe was pressurized to obtain a flow rate comparable to the pre-intubation undisturbed flow by increasing the infusion pressure such that the dividing streamline in the confluent streams was maintained at its pre-intubation position.
Preparation of fluorophores and enzymes
Post-capillary venules were perfused with three fluorescent molecules: (1) The lectin BS1, labeled with Alexa Fluor-488, to study glycan shedding and enzymatic removal, (2) Fluorescein Fig. 1 . Schematic of the experiment protocol. A post-capillary venule in the exteriorized rat mesentery was selected for intravital microscopic observation. An upstream branch was cannulated with a micropipette for perfusion with Alexa labeled BS-1 lectin to label the glycocalyx, or enzymes for GAG degradation. Fluorescence intensity of the endothelial surface was acquired to quantify glycan shedding. isothiocyanate (FITC) labeled 70 kDa dextran (Dx70), to obtain a measure of the thickness of the glycocalyx, and free FITC, for determination of its diffusion coefficient within the glycocalyx. The lectin BS1 (L2380, Sigma, St. Louis, MO) was conjugated with Alexa Fluor 488 (A20000, Invitrogen, Eugene, OR) to yield 2.7 mole of fluorophore per mole BS1, and its concentration adjusted to 1% in PBS. FITC-Dextran 70 kDa (FD-70S, Sigma) was dissolved in PBS to make a 0.1% solution. Prior to each experiment, FITC-Dx70 solution was centrifuged at 16000g for 5 min to remove particulates and then filtered through a 0.26 μm polycarbonate syringe filter. FITC (F7250, Sigma) was solubilized (1%) in PBS and the pH adjusted to 7.4 for direct infusion in post-capillary venules.
Enzymes used to cleave specific GAGs included heparinase III (50 U/mL in PBS, H8891, Sigma), chondroitinase ABC (10 U/mL in PBS, C2905, Sigma) and hyaluronidase (3000 U/mL in PBS, H3631, Sigma). All enzyme solutions were applied to selected post-capillary venules for a 10 min perfusion via micropipette. To ensure maximal digestion, in separate studies concentration and perfusion duration were doubled to demonstrate that no significant additional effects occurred for all three enzymes (data not shown).
Measurement of BS1-GAG binding
To examine enzymatic removal of components of the glycocalyx, BS1 was used, which has been shown to bind to all three principal GAGs, HS, CS and HA (Schnitzer et al., 1990) . BS1-Alexa solution was infused via micropipettes for 10 min, following which the micropipette was withdrawn and normal blood flow allowed to resume. Following washout of non-bound fluorophore, the venule was reintubated with a micropipette for perfusion with enzyme solutions for 10 min to cleave specific GAGs. Video recordings of BS1 bound to the EC surface were taken 20-30 min following BS1 infusion, following which recordings were taken again prior to 10 min infusion of enzymes. A third set of video recordings was taken 10 min following completion of the enzyme infusion, which occurred on average 30-40 min after the end of the BS1 perfusion. Control measurements in the absence of enzyme treatment were taken 40 min following BS1 perfusion to obtain a non-stimulated reference for subsequent measurements.
The method for quantifying the extent of BS1-Alexa binding to the EC is illustrated in Fig. 2 for a representative post-capillary venule in both brightfield ( Fig. 2A) and fluorescence (Fig. 2B ) illumination. In this particular venule, the infused BS1-Alexa solution stream was confined to the left venular wall (Fig. 2B ). The luminal surface of the EC was identified as the outer edge of the dark refractive band in the brightfield image. BS1 staining appears on the luminal side of the EC. A measurement line was drawn along the center of the fluorescent band and the average fluorescence intensity was recorded in a region of interest along this line bounded by the edges of the band, which typically spanned about 500 nm on either side of the line.
Measurement of glycocalyx thickness using FITC-Dx70
The thickness of the glycocalyx layer was estimated by measuring the distance between the luminal surface of the EC and the edge of circulating FITC-Dx70, introduced into the systemic circulation (0.1% in 0.15 mL) via the jugular vein cannula. After completion of the bolus infusion, brightfield images were taken of selected post-capillary venules, in a focal plane where the dark refractive band at the EC luminal surface was sharply in focus. The microscope was then switched to fluorescence epi-illumination and video scenes of the edge of the FITC-Dx70 dye column were recorded without disturbing the image alignment with the brightfield image.
The images were analyzed by drawing a line along the EC surface under brightfield (Fig. 3A) and then overlaying this line on the fluorescence image (Fig. 3B) . The radial distribution of fluorescence intensity was then obtained along a radial measurement line with its center on, and normal to, the EC boundary line, as shown in Fig. 3B . This radial measurement line was moved along the EC boundary line to acquire a radial distribution at each pixel of the boundary line and calculate an average radial intensity profile for up to 1600 locations along the boundary (symbols in Fig. 3C ). The radial distribution of intensity was then fit with a 5-parameter sigmoidal curve, Fig. 3C ). The inflection point of this curve (IP) was calculated from the curve fit parameters as IP = r 0 + b⋅ ln c ð Þand taken as the location of the edge of the glycocalyx. The distance between the EC wall and IP was taken as the thickness of the glycocalyx layer. All image processing and measurements were done using ImageJ (NIH, Bethesda, MD).
Diffusion coefficient measurement
The diffusion of a small solute (FITC) through the glycocalyx was characterized by measurement of its concentration (fluorescence intensity) in the radial direction as a function of time near the EC surface of post-capillary venules. Using measured values of fluorescence intensity at known distances from the EC as they varied with time, an effective diffusion coefficient (D) was computed from the equation governing one-dimensional diffusion in a homogenous medium. Free FITC solution was given as a systemic bolus (0.16 mL at 1.875 mL/min) using a syringe pump (PhD2000 Programmable, Harvard Apparatus, Holliston, MA) via the jugular vein catheter. The first 10 s of the fluorescent bolus passing through the venular section was recorded at 2 frames/s (500 ms exposure time per frame). Brightfield images were recorded following the bolus to locate the EC surface. The radial intensity profiles over 1 μm distance from the EC boundary was recorded with a spatial resolution of 17.3 pixel/μm to obtain the transient distribution of intensity, I(r,t) along a 1 pixel wide line normal to the wall. The intensities recorded at the location of the edge of the glycocalyx (determined from previous Dx70 measurements) I(δ,t), were used as the boundary conditions for a computational model of quasi-1-D transient diffusion through a porous layer bounding the EC surface. The diffusion coefficient, D, of FITC molecules inside the glycocalyx was estimated by determining the value of D which yielded the best agreement of computed and measured distributions of I(r,t). This process was repeated for three locations within the field of view and averaged to obtain a value representative of the microvessel.
The transient diffusion of a solute of concentration c(r,t) through a porous layer of thickness δ was obtained from the one-dimensional diffusion equation, non-dimensionalized in time, radial distance and concentration to yield,
where the dimensionless parameters are θ = c cm , η = r δ , τ = t⋅D δ 2 , D is the diffusion coefficient, and c m is the maximum concentration of solute at the edge of the glycocalyx, r = δ, and r = 0 at the EC surface. The initial concentration within the layer was taken as c(r,0) = 0, and the concentration at the outer edge, c δ = c(δ,t), was taken from measurements. The concentration of solute, c(r,t), was assumed to be linearly proportional to fluorophore intensity, I(r,t), for which the background intensity at each pixel was subtracted off using values taken under fluorescence illumination immediately prior to entry of FITC into the video field.
The differential equation and boundary conditions were rewritten into finite difference equations with 2 nd order accuracy in space and time. Eq. (1) was solved using a fully implicit computation scheme in MatLab (The MathWorks Inc., Natick, MA), for specified values of c δ (t) and D. The surface depicting a solution of c(r,t) was compared with the experimental measurements of I(r,t) by computing the root mean
, where N is the total number of measured data points. An iterative method was used to determine the diffusion coefficient that yielded a minimum in the RMS error which was selected as the solution. The precision of this technique enabled resolution of D to within a numerical error of 0.5%.
Statistical methods
Statistical analyses of the data were performed using SigmaStat 3.0, SPSS Inc. Multiple comparison of different treatments were performed using the Student-Newman-Keuls test for one-way ANOVA. Statistical significance was asserted when the probability of the null hypothesis being true was p b 0.05. Statistics of vessel diameters for all three protocols, glycocalyx thickness and goodness of fit (RMS error) for diffusion coefficient measurements are listed in Table 1 .
Results
Enzymatic removal of BS1 labeled GAGs
Presented in Fig. 4 are ratios of the intensity of the BS1-Alexa stain to its respective control for no stimulus and following enzyme perfusion. The control measurements (I Control ) were taken at a time of 30-40 min following introduction of the BS1 which corresponds to the cumulative elapsed time between labeling, intubation of the venule and 10 min of enzyme perfusion. The fluorescence intensity of BS1-Alexa decreased significantly after perfusion with each enzyme, p b 0.05. Under conditions of no stimulus, natural shedding of the glycocalyx components caused the fluorescence to decrease to 89.5 ± 8.0SD% of control in a 40 min period. By comparison, during the same length of time, enzyme perfusion induced significantly greater reductions to: 37.1 ± 7.7SD% with heparinase, 43.0 ± 6.9SD% with chondroitinase and 65.6 ± 7.4SD% with hyaluronidase. Superfusion with 10 −7 M fMLP for 10 min resulted in a reduction in intensity to 64.5 ± 7.6SD%. This decrease was consistent with previous studies using BS1-FITC and superfusion with 10 −7 M fMLP for 10 min (Mulivor and Lipowsky, 2004) . Treating the glycocalyx with heparinase or chondroitinase leads to a significantly greater reduction in BS1 label compared with fMLP, but hyaluronidase did not.
Thickness of the glycocalyx layer
The apparent thickness of the glycocalyx estimated by Dx70 exclusion is shown in Fig. 5A for control conditions (no treatment), enzymatic removal of HS, CS and HA and superfusion with fMLP. Under control condition, the Dx70 exclusion thickness averaged 463.1 ± 146.1 SD nm, which was consistent with prior measurements using Dx70 (Vink and Duling, 2000) . Enzymatic GAG shedding by heparinase, chondrotinase and hyaluronidase decreased the barrier thickness to 234.0 ± 106.0 SD nm, 285.6 ± 145.2 SD nm and 303.3 ± 165.8 SD nm, respectively. The greater decrease in thickness with heparinase, compared to chondroitinase and hyaluronidase, was not significantly different from the thickness corresponding to these two enzymes. When all three GAGs were removed by a mixture of the three enzymes (same concentration as used individually) the barrier thickness decreased to 51.8 ± 41.3 SD nm.
The fractional decreases in thickness (δ Treated /δ Control ) are illustrated in Fig. 5B . Individually, the reductions in thickness for each enzyme were not significantly different from the 28% reduction incurred by superfusion with fMLP. The mixture of enzymes removed nearly 90% of the barrier thickness, i.e. δ Treated /δ Control = 0.103 ± 0.07 SD.
Diffusion coefficient of FITC in the glycocalyx
Typical results for comparison of the computed and measured transient diffusion of FITC into the glycocalyx are shown in Fig. 6 . The shaded region shows the radial concentration profile with time, 33.7 ± 0.2% 33.6 ± 0.1% 33.5 ± 0.1% 33.8 ± 0.2% 33.7 ± 0.2%
Data are mean ± SD.
In each case, all treatments were not statistically significant from control for diameter and goodness of fit. ⁎ For all sigmoidal fits, R 2 = 0.9998 ± 0.0001 SD. computed using the fluorescence intensity-time curve measured at the edge of the glycocalyx (r = 462 nm, control in Fig. 5A ). The EC luminal surface is at R = 0. Measured fluorescence intensities (symbols) agreed with the computational model to within an RMS error of 34.6%. The greatest errors in the fit appear to occur near the wall as the concentration of the FITC accumulates at maximal time, and scattered light or possible dye leakage through the wall interferes with the measurements. In this example, the best fit solution was obtained for a diffusion coefficient of 2.61 × 10 −9 cm 2 /s. To explore the heterogeneity of the glycocalyx structure, two different boundary conditions were employed for calculation of the diffusion coefficient for all treatments: (a) Using the intensity-time curve at r = δ, where δ was determined by the Dx70 exclusion, and (b) using the intensity-time curve at 4 pixels from the EC surface (r = 173 nm from the EC surface). This latter sublayer represented the minimum number of pixels (thickness) /s compared to control. Within the sublayer, the effect of fMLP was similar to that of heparinase. These relative changes are addressed in the Discussion. The statistics of vessels size and goodness of the fits are summarized in Table 1 .
Discussion
The present studies have aimed to delineate the relative contributions of the three principal GAGs which serve as a barrier to transvascular exchange of macromolecules and leukocyte-endothelium adhesion. The lability of the glycocalyx has been shown previously in models of inflammation by topical application of either the cytokine TNF-α (Henry and Duling, 2000) or the chemoattractant fMLP (Mulivor and Lipowsky, 2004) . In the latter case, rapid shedding of glycans was indicated by a reduction in the bound fluorescent lectin BS1. Given the permissive nature of lectin binding (Schnitzer et al., 1990 ) and the increase of circulating HA found in response to stimuli such as shear and oxidative stress and hyperglycemia (Nieuwuwdorp et al., 2006) , the effectiveness of enzymatically removing the BS1 stained glycocalyx was compared with the acute fMLP response (Fig. 4) . The results of these experiments suggest that heparinase, chondroitinase and hyaluronidase are equal to or greater in cleaving their respective targets compared with the physiologically induced shedding by fMLP. Although the binding and staining of lectin to each of the GAG species may not be in proportion to GAG concentration, the slightly greater decrease in HS-bound lectin compared to that bound to CS is consistent with prior studies of the greater amounts of HS compared to CS. It has been shown that in the case of HS and CS bound to syndecans, there exists one or two CS chains for every four HS chain (Rapraeger and Bernfield, 1985) .
Building upon techniques established by Duling (1996, 2000) , a measure of the thickness of the glycocalyx was derived from the depth of infiltration of Dx70 which was consistent with their Fig. 6 . Radial concentration at the wall of a post-capillary venule following systemic infusion (jugular vein, i.v.) of a small solute (FITC). Measured fluorescence intensity profiles (○) were obtained with time, normal to venular wall. The shaded surface represents the solution to the 1-D diffusion model, computed using the measured intensity-time curve at a distance δ from the wall, determined by the exclusion of FITCDx70 (Fig. 5) . In this illustrative case, the experimental data and the computational prediction agreed within an RMS error of 34.6%, and correspond to a diffusion coefficient for FITC of 2.61 × 10 −9 cm 2 /s. measurements for the undisturbed surface layer thickness, δ. Prior reports of the effect of hyaluronidase on δ are similar in many respects, albeit derived using other methods (systemic infusion vs. direct perfusion of individual microvessels), different species (hamster or mouse vs. rat), and/or different classes of microvessels (arterioles, capillaries or venules). Henry and Duling showed that systemic infusion of hyaluronidase for 1 h resulted in a 35% reduction in δ in small post-capillary venules (10-15 μm) (Henry and Duling, 1999) which was equivalent to the decrease found herein by 10 min of direct perfusion using micropipettes in larger venules (14-60 μm).
A similar loss of δ in response to infusion of hyaluronidase was inferred by the indirect technique of particle image velocimetry by extrapolation of venular velocity profiles in cremaster muscle (Potter and Damiano, 2008) . The uniqueness of the present study is its attempt to make a systematic comparison of the individual contribution of all three GAGs to the barrier thickness in post-capillary venules where physiological shedding of glycans have been shown to govern the adhesion of leukocytes in models of inflammation and ischemia (Mulivor and Lipowsky, 2004) .
Enzyme specificity
Interpretation of the effect of each enzyme treatment needs to be made in light of their specificity for each GAG. It has been shown that heparinase III only cleaves HS and does not react with CS or HA (Lohse and Linhardt, 1992) . However, hyaluronidase can degrade CS and chondroitinase can degrade HA. As a result, the chondroitinase or hyaluronidase treatments may not lead to exclusive degradation of CS or HA. To address the possible cross-reactivity, all three enzymes were mixed and applied to the venular glycocalyx to degrade all three GAGs, as shown in Fig. 5B . The thickness of the glycocalyx was reduced dramatically to 10.3% of the control for an 89.7% loss. By comparison, the percentage loss in thickness for individual enzymes was 43.3%, 34.1% and 26.1% for heparinase, chondroitinase and hyaluronidase, respectively. A simple model can be applied to attribute the loss in layer thickness to the fractional reduction of each individual GAG by assuming that the loss of each specific GAG is proportional to the decrease in glycocalyx thickness caused by each specific enzyme. A set of simultaneous algebraic equations may be written if one assumes that the specificity of each enzyme is such that: (1) All enzymatic degradations are maximal, (2) chondrotinase does not degrade HA significantly due to the low rate of enzymatic activity against HA (Hamai et al., 1997) , and (3) hyaluronidase can cross-react with CS (Volpi et al., 1995) . Based upon the data in 
where PL CS′ refers to the percentage of the thickness reduction due to shedding of CS by hyaluronidase and the percentages on the right hand side are from Fig. 5B . Solution of these equations indicates that HS, CS and HA contributed 43.3%, 34.1% and 12.3% respectively to the barrier thickness, and collectively, the three GAGs account for 90% of the barrier thickness. Hyaluronidase also induced a major 13.8% (PL CS′ ) drop in barrier thickness through cross-reacting with CS. Thus, this simplified model suggests that HS provides the greatest contribution to the barrier thickness of the glycocalyx, followed by CS and HA. However, caution should be taken to interpret the reduction of 'barrier thickness' as reduction of 'glycocalyx thickness.' It has been shown that the magnitude of post-hyaluronidase reduction measured with Dx70 is similar to that with Dextran 145 kDa, but completely vanished when using larger molecular weight dextrans of 580 kDa or 2000 kDa (Henry and Duling, 1999) , suggesting that infiltration of Dx70 may follow an increase of porosity, instead of a decrease in layer thickness.
Structural implications
The present results suggest a non-uniformity of GAG distribution through the depth of the glycocalyx. In control experiments, the significantly lower diffusion coefficient of FITC in the 173 nm thick sublayer compared to the value at the Dx70 exclusion thickness (463 nm) (Fig. 7) may reflect a non-uniform density of the glycocalyx. The difference suggests a denser sublayer that hinders FITC diffusion. The effective diffusion coefficient of small solutes in a porous media is proportional to the free media diffusion coefficient, porosity and constrictivity, and inversely proportional to the tortuosity of pathways. In a fibrous matrix such as the glycocalyx, the void volume is likely high enough to render the tortuosity as a trivial factor. The constrictivity is dependent upon size of the particle relative to the pore size. For FITC, with a Stokes-Einstein diameter of 1.68 nm, variations in pore size from 4 to 10 nm (Squire et al., 2001 ) may introduce significant heterogeneities in diffusion throughout the glycocalyx layer. The lower diffusion coefficient found in the sublayer is consistent with the their findings of a more compact layer near the EC surface, as indicated by greater staining of the glycocalyx 50-100 nm above the EC. This denser sublayer may result from continued biosynthesis of HA chains near the EC membrane and loss of distal GAGs by shear stress effects of blood flow on the outer boundary of the glycocalyx.
The variation of diffusion coefficient with specific enzyme treatment is also suggestive of the heterogeneity of GAG distribution. In Fig. 7 , shedding of HS by heparinase failed to induce any change in the diffusion coefficient of the sublayer from the control. This suggests that HS predominantly resides in the top portion of the glycocalyx layer. In contrast, shedding of CS and HA both significantly increased the diffusion coefficient two-fold from control within the 173 nm sublayer, suggesting greater amounts of CS and HA. The overall distributions of CS and HA are also likely to be biased toward the EC surface, because after shedding by chondroitinase or hyaluronidase, D 173 increased two-fold, but only by a factor of 1.4 for D Dx70 . This finding is consistent with previous studies on syndecan-1 proteoglycan (a major glycocalyx associated GAG carrier) that the HS attachment sites are closer to the N-terminal where the CS attachment sites are in the proximity of the transmembrane domain on the core protein (Kokenyesi and Bernfield, 1994) . The observation that both D Dx70 and D 173 increased dramatically from control after CS or HA was cleaved, but not with removal of HS, suggests that CS and HA contribute a significantly greater amount to glycocalyx permeability (by affecting the porosity of the glycocalyx layer) compared to HS.
The anomalous decrease in diffusion coefficient at the Dx-70 exclusion thickness with heparinase and fMLP may arise from structural rearrangements following the treatment. It is plausible that the layer collapses due to the loss of HS and associated macromolecules. In a previous study, Squire et al. (2001) observed reductions in the perpendicular spacings of the glycocalyx fiber matrix from 22.6 nm under control to 15.5 nm under inflammatory conditions. It would thus appear that HS could provide the structural support of the upper layer of the glycocalyx.
fMLP-induced shedding
Previous studies have shown that the glycocalyx is rapidly shed after 10 min application of fMLP (Mulivor and Lipowsky, 2004) . In the present study, after 10 min fMLP superfusion, the glycocalyx thickness was reduced from 463 nm to 332 nm, and the FITC diffusion coefficient (D Dx70 ) across the glycocalyx layer decreased from 2.3 to 1.9 × 10 −9 cm 2 /s. Thus it appears that fMLP decreased both barrier thickness and porosity. The combination of these two counteracting effects may result in no significant net change in the solute permeability across the layer. Previous studies have shown that fMLP alone was unable to change endothelial permeability, despite the fact that glycocalyx was lost (Zhu et al., 2005) . The pattern of change in diffusion coefficient by fMLP is similar to heparinase, in which both treatments reduced D Dx70 but not D 173. However, further studies are needed to determine if the dominant GAG loss with fMLP is heparan sulfate in contrast to chondroitin sulfate or hyaluronan.
In conclusion, this study has measured relative GAG shedding using the lectin BS-1, Dx70 exclusion thickness and the diffusion coefficient of FITC at a 173 nm basal sublayer and the Dx70 exclusion thickness under control, fMLP-induced inflammation as well as postenzymatic degradation of GAGs by heparinase III, chondroinase ABC and hyaluronidase. It is suggested that HS may be the primary GAG being shed during fMLP-induced inflammatory response. Analysis of the results suggests three updates to prevailing structural models of the glycocalyx: (1) GAGs are not evenly distributed throughout the glycocalyx, HS is distributed predominately on the luminal side of the glycocalyx layer, and the EC-adjacent sublayer is dominated by CS and HA; (2) A denser EC-adjacent sublayer exists that is likely on the order of 200 nm and (3) HS plays a dominant role in the structural integrity of the glycocalyx and chondroitin sulfate and hyaluronan contribute significantly to its permeability.
